ABSTRACT GLUT4 (also known as SLC2A4) is essential for glucose uptake in skeletal muscles and adipocytes, which play central roles in whole-body glucose metabolism. Here, using direct stochastic optical reconstruction microscopy (dSTORM) to investigate the characteristics of plasma-membrane-fused GLUT4 at the singlemolecule level, we have demonstrated that insulin and insulin resistance regulate the spatial organization of GLUT4 in adipocytes. Stimulation with insulin shifted the balance of GLUT4 on the plasma membrane toward a more dispersed configuration. In contrast, insulin resistance induced a more clustered distribution of GLUT4 and increased the mean number of molecules per cluster. Furthermore, our data demonstrate that the F 5 QQI motif and lipid rafts mediate the maintenance of GLUT4 clusters on the plasma membrane. Mutation of F 5 QQI (F 5 QQA-GLUT4) induced a more clustered distribution of GLUT4; moreover, destruction of lipid rafts in adipocytes expressing F 5 QQA-GLUT4 dramatically decreased the percentage of large clusters and the mean number of molecules per cluster. In conclusion, our data clarify the effects of insulin stimulation or insulin resistance on GLUT4 reorganization on the plasma membrane and reveal new pathogenic mechanisms of insulin resistance.
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INTRODUCTION
Membrane proteins controlling molecular transport are required to maintain cell function. Glucose transporters essentially gate hexose transport through the plasma membrane to mediate energy metabolism. In particular, glucose transporter 4 (GLUT4; also known as SLC2A4) is specifically expressed in insulin-responsive adipose tissue and skeletal muscles, and functions to control cellular glucose metabolism and whole-body energy homeostasis.
GLUT4 is a key player in both normal glucose homeostasis and insulin resistance, which is strongly linked to type 2 diabetes and is associated with reduced uptake of glucose by muscles and adipose tissues. GLUT4 is responsible for this uptake, and the function of GLUT4 is disrupted in the insulin-resistant state.
The mechanisms of GLUT4 sorting have been extensively studied. In the absence of insulin, only 5% of the total GLUT4 is present in the plasma membrane, where it catalyzes the facilitated diffusion of glucose into the cells; in contrast, the majority of GLUT4 is maintained in intercellular compartments, such as endosomes, the trans-Golgi network and GLUT4-specialized vesicles (GSVs) (Martin et al., 2000; Slot et al., 1991) . Increased serum glucose levels following a meal or rapid exercise induce release of insulin from the pancreas, resulting in redistribution of half of the cell's GLUT4 contents to the plasma membrane; this promotes glucose uptake, metabolism and energy storage in the adipose tissues and/or skeletal muscles. Failure of GLUT4 translocation to the plasma membrane in response to insulin is a predominant clinical symptom of insulin resistance and type 2 diabetes mellitus . Moreover, the plasma membrane is the main site for GLUT4 function and recycling, and plasma-membrane-fused GLUT4 exists in clusters or monomers (Bai et al., 2007; Gonzalez and McGraw, 2006; Gustavsson et al., 1996; Huang et al., 2007; Jiang et al., 2008; Koumanov et al., 2005; Lizunov et al., 2005; Parton et al., 2002; Stenkula et al., 2010) . However, the characteristics of GLUT4 organization on the plasma membrane, particularly in the context of disease states, have not been examined at the single-molecule level owing to limitations in traditional microscopy.
In this study, we applied direct stochastic optical reconstruction microscopy (dSTORM) (Heilemann et al., 2008) to systematically investigate the patterns of GLUT4 fusion with plasma membrane in the basal and insulin-stimulated states in resting and insulin-resistant adipocytes at high resolution (tens of nanometers) in adipocytes. Our data provide important insights into GLUT4 organization on the plasma membrane.
RESULTS

Insulin regulates GLUT4 clustering on the plasma membrane
To visualize plasma-membrane-fused GLUT4, we stably expressed an exogenous GLUT4 vector in differentiated 3T3-L1 adipocytes. This vector, designated HA-GLUT4-GFP comprises a hemagglutinin (HA) epitope in the first exofacial loop of human GLUT4 and green florescent protein (GFP) fused to the carboxyl domain ( Fig. S1A) (Lampson et al., 2000) . The cells were immunostained with an Alexa-Fluor 647-conjugated antibody against HA.11 under nonpermeabilized conditions at a saturated concentration to ensure complete labelling of cell surface HA-GLUT4-GFP (Fig. S1B-F) .
dSTORM was used to image and analyze the spatial patterning of GLUT4 at the surface of HA-GLUT4-GFP-expressing adipocytes under basal and insulin-stimulated (100 nM for 8 min) conditions, and in cells after removal of insulin (Fig. 1A) . This approach permitted us to directly observe GLUT4 distribution on the plasma membrane at a resolution of nearly 30 nm (Fig. S2) . Single GLUT4 molecules and clusters were clearly visible at the single-molecule level (Fig. 1B) . The density of GLUT4 molecules and clusters at the cell surface was increased in insulin-stimulated adipocytes compared with that on adipocytes under basal conditions. We then used quantitative cluster analysis based on Ripley's K function (Owen et al., 2010) to calculate the cluster maps (Fig. 1C ). There were more GLUT4 clusters after insulin stimulation, although the degree of clustering was lower than that in the basal state. After removal of insulin for 30 min, the distribution of plasma membrane GLUT4 recovered to a basal-condition-like pattern.
To quantitatively analyze the differences in plasma membrane GLUT4 distribution between these states, we used Ripley's K function to measure the spatial clustering of nanoscale domains of GLUT4. The averaged Ripley's L(r)-r plots for the representative regions from cells under different conditions are shown in Fig. 1D . Analysis of 10-20 different cells (nine regions per individual cell) yielded nearly identical results -Ripley's K-function plots peaked at higher clustering values for GLUT4 at the surface of basal adipocytes than in insulin-stimulated adipocytes, suggesting that GLUT4 on the plasma membrane was less clustered because of insulin. GLUT4 in cells under basal conditions remained clustered at scales of over 800 nm, whereas for insulin-stimulated cells, the protein became less clustered or exhibited a random distribution beyond 400 nm. After removal of insulin, the density of clusters and the largest radius of the cluster were similar to those found under basal conditions. Additionally, quantitative analyses of dSTORM data by using GDSC SMLM software allowed for evaluation of several parameters in order to describe the differences in the clusters in different states and to confirm the results of Ripley' (Fig. 1H) . The proportion of proteins in differently sized clusters (which contained different numbers of proteins) was then determined ( Fig. 1I; Fig. S3A) . Notably, the proportion of GLUT4 molecules in small clusters (the mean number of proteins per cluster ranged from 2 to 6) markedly increased, and the proportion of molecules that were found in large clusters (the average number of proteins per cluster was greater than 6) decreased as the number of proteins per cluster increased. Indeed, 10% of proteins in large clusters were shifted to form small clusters (with an average number of proteins per cluster of 2-6) (Fig. 1J) . In summary, the decrease in clustered GLUT4 and the shift of the molecules from large clusters to small clusters made the distribution of plasma membrane GLUT4 more disperse in response to insulin. Insulin removal after insulin stimulation partially recovered the insulininduced changes in cluster characteristics.
Insulin resistance reorganizes the clustering of plasma membrane GLUT4
Previous studies have shown that several steps in GLUT4 translocation are regulated by insulin resistance. However, whether the clustering of GLUT4 on the plasma membrane is altered in insulin-resistant adipocytes remains unknown. To address this question, GLUT4 on the surface of adipocytes in the insulin-resistant state were imaged and analyzed. Insulin resistance was successfully established by overnight incubation with 100 nM insulin, as verified by western blotting ( Fig. S4 ) (Xiong et al., 2010) . The phosphorylation of Akt at residues Thr308 and Ser473 (detected using antibodies against phosphorylated Akt that recognize phosphorylation of Akt1, Akt2 and Akt3 at corresponding residues) and of AS160 at residue Thr642 was inhibited in response to insulin stimulation owing to insulin resistance, consistent with a previous report (Fazakerley et al., 2015) . Next, super-high resolution images of GLUT4 patterning on the surface of insulin-resistant adipocytes under basal or insulinstimulated conditions (IR-basal and IR-insulin, respectively) were obtained, and the cluster features were analyzed ( Fig. 2A-C) . A more-clustered distribution was observed under both conditions compared with that in normal cells.
Analysis using Ripley's K function ( Fig. 2D) showed that insulin stimulation moderately reduced GLUT4 cluster formation. The extent of the reduction of the peak value induced by insulin in insulinresistant cells (about 36%, from 250 to 160) was not as large as that in normal cells (about 70%, from 130 to 40; Figs 1D and 2D). In addition, by comparing the maximum L(r)-r value, whether cells were in the basal or insulin-stimulated state, GLUT4 was more clustered on the surface of insulin-resistant cells than on the surface of normal cells. The mean diameters of GLUT4 clusters were similar under basal and insulin-stimulated conditions, whereas the theoretically predicted maximum scale (r max ) of clusters was slightly reduced from 700 to 600 nm in response to insulin (Fig. 2D ).
Statistical analysis of GLUT4 cluster properties showed that the number of molecules/μm 2 and clusters/μm 2 of plasma membrane GLUT4 increased slightly with insulin stimulation in insulin-resistant adipocytes, from 116±26 molecules/μm 2 and 35.4±6.2 clusters/μm 2 in cells under basal conditions to 154±52 molecules/μm 2 and 45.9± 16.9 clusters/μm 2 in insulin-stimulated cells (Fig. 2E,F ). These data indicate that insulin resistance reduced the sensitivity of cells to insulin in half in our system, consistent with the western blotting data. Furthermore, insulin did not significantly alter the mean number of molecules per cluster (3.27±0.37 in basal conditions, 3.41±0.39 in insulin-stimulated conditions; P=0.257) or the distribution of molecules in differently sized clusters (Fig. 2G,I ); however, there was a small reduction in the fraction of the total number of molecules that was found in clusters (Fig. 2H ). These features did not dramatically change after ablation of insulin sensitivity in insulinresistant cells. However, in both the basal and insulin-stimulated states, the mean number of GLUT4 molecules per cluster was increased by approximately 20%, and the fraction of molecules in clusters increased by nearly 10% (84±2% of IR-basal cells and 78 ±4% of IR-insulin cells; Fig. 2G ,H). The proportion of total molecules found in large clusters on the surface of IR-basal or IRinsulin cells was also increased compared with that on normal cells under basal conditions ( Fig. 2J; Fig. S3B ). This further confirmed that plasma membrane GLUT4 became more clustered in the insulinresistant state.
Mutation of F
5 QQI induces a more clustered distribution of GLUT4 on the plasma membrane Previous studies have suggested that plasma membrane GLUT4 clusters colocalize with clathrin-coated pits in adipocytes through involvement of the adaptor protein AP2, which recognizes and interacts with the N-terminal F 5 QQI motif of GLUT4 (Al-Hasani et al., 2002; Owen et al., 2004; Stenkula et al., 2010) . Therefore, we hypothesized that the F 5 QQI motif might be associated with the maintenance of plasma membrane GLUT4 clusters.
We mutated the F 5 QQI motif of GLUT4 (F 5 QQA-GLUT4) and expressed this construct in adipocytes; these adipocytes were used to block the association between plasma membrane GLUT4 clusters and clathrin-coated pits. dSTORM data showed that the plasma membrane F 5 QQA-GLUT4 in basal and insulin-stimulated adipocytes still exhibited a clustered or dispersed distribution. Notably, the number of large clusters of F 5 QQA-GLUT4 on the membranes of basal and insulin-stimulated cells was increased compared with that of wild-type GLUT4 clusters ( Fig. 1A-C ; Fig. 3A-C) . Analysis using Ripley's K function revealed that the degree of F 5 QQA-GLUT4 clustering was reduced by insulin stimulation (from 170 to 70; Fig. 3D ). However, compared with wild-type GLUT4, F 5 QQA-GLUT4 was more clustered on the surface of both cells under basal conditions and upon stimulation with insulin, whereas the clustering range and cluster diameter of plasma-membrane-fused F 5 QQA-GLUT4 did not change markedly ( Figs 1D and 3D) .
Further analysis showed that insulin stimulation increased the number of F 5 QQA-GLUT4 molecules and clusters on the plasma membrane (184±37 molecules/μm 2 and 49.8±11.0 clusters/μm 2 for adipocytes under basal conditions versus 363±123 molecules/μm 2 and 108.9±33.4 clusters/μm 2 for insulin-stimulated adipocytes; mean±s.d.; Fig. 3E,F) . The mutation of GLUT4 induced an obvious increase in the mean number of molecules per cluster (3.73±0.36 in basal conditions and 3.44±0.33 in insulin-stimulated conditions), compared with that of wild-type GLUT4 ( Fig. 3G ; Table S1 ). Although the fraction of the total molecules found in clusters was not significantly altered in the presence of the mutation (80±4% in basal conditions versus 63±5% in insulin-stimulated conditions; Fig. 3H ; Table S1), the distribution of F 5 QQA-GLUT4 in differently sized clusters indicated that mutation of GLUT4 reduced the population of F 5 QQA-GLUT4 in small clusters and caused more mutants to form large clusters ( Fig. 3I,J; Fig. S3C ). These data show that mutation of GLUT4 promoted a more clustered distribution of GLUT4 on the plasma membrane both under basal and insulin-stimulated conditions.
Destruction of lipid rafts disperses the distribution of F 5 QQA-GLUT4 on the plasma membrane Lipid rafts are platforms that function in signal transduction, molecular trafficking and protein assembly (Brown and London, 2003; Gao et al., 2015; Lingwood and Simons, 2010; Owen et al., 2012a; Pontier et al., 2008) . To examine whether maintenance of GLUT4 clusters was associated with lipid rafts, 3T3-L1 adipocytes that stably expressed F 5 QQA-GLUT4 were used and treated with methyl-β-cyclodextrin (MβCD) (to disrupt lipid rafts) only in the basal state. QQA-GLUT4 on the surface of basal adipocytes after incubation with 10 mM MβCD. We found that destruction of lipid rafts increased the densities of molecules and clusters on the membrane, and that most protein clusters became smaller or were even lost. The degree of F 5 QQA-GLUT4 clustering under basal conditions was reduced to a level similar to that of wild-type GLUT4 (maximum L(r)-r of about 40; Fig. 4D ). Cluster analysis of plasma membrane F 5 QQA-GLUT4 indicated that there were 260±43 molecules/μm 2 (mean±s.d.) and 97.1±12.3 clusters/μm 2 on the plasma membrane after treatment with MβCD in the basal state (Fig. 4E) . In addition, the mean number of protein molecules per cluster and the fraction of total molecules found in clusters were both decreased to 2.68±0.33 and 62±5%, respectively, after MβCD treatment (Fig. 4E ). These data demonstrate that destruction of lipid rafts strongly influenced the nanoscale organization of F 5 QQA-GLUT4 in cells under basal conditions, resulting in smaller and denser clusters of the GLUT4 mutant on the plasma membrane ( Fig. 4F,G; Fig. S3C ). Moreover, in the absence of lipid rafts, the proportion of the total number of molecules found in small clusters increased to 77.5%, and those in middle-sized (the average number of proteins per cluster ranged from 7 to 18) and large clusters (the average number of proteins per cluster ranged from 19 to 25) decreased to 21.4% and 1.1%, respectively (Fig. 4H) .
DISCUSSION
GLUT4, a high-affinity glucose transporter, has been extensively investigated as a crucial player in glucose metabolism and insulin resistance. Many studies have reported that GLUT4 translocates to and fuses with the plasma membrane, and that this process is controlled by insulin or disease states, such as insulin resistance. Because the plasma membrane provides a foundational platform for GLUT4 function, the distribution of GLUT4 on the plasma membrane could be altered by hormone stimulation or insulin resistance.
Thus, we used dSTORM to investigate the spatial organization of plasma-membrane-fused GLUT4 at the single-molecule level, with a resolution of about 20 nm. Super-resolution images showed that GLUT4 did not distribute homogeneously on the plasma membrane but that it formed clusters or remained as single protein molecules both in normal adipocytes and insulin-resistant adipocytes, consistent with the findings of previous studies based on traditional technologies. The primary estimate of clustering using Ripley's K-function indicates that GLUT4 was less clustered after insulin stimulation. Moreover, insulin resistance and mutations in the F 5 QQI motif caused increased clustering of plasma membrane GLUT4. When lipid rafts were disrupted in basal adipocytes that stably expressed F 5 QQA-GLUT4, the clustering ability of plasma membrane F 5 QQA-GLUT4 was notably decreased to the level of that in normal cells in the insulin-stimulated state.
Additionally, quantitative analyses of dSTORM data allowed for evaluation of several parameters in order to describe the differences in the clusters in different states and to confirm the results of Ripley's K function analysis. In normal adipocytes, insulin stimulation decreased the population of GLUT4 molecules found in clusters by 12%, indicating that more single molecules existed outside of clusters after stimulation. Furthermore, the distribution of GLUT4 in differently sized clusters also changed with insulin stimulation; about 10% of the clustered GLUT4 shifted from large clusters to small clusters, consistent with the results of Ripley's K function analysis. This could explain why the mean number of molecules per cluster did not change markedly, even though both the protein density and cluster density increased by about 2.5-fold.
In insulin-resistant adipocytes, owing to the reduced cell sensitivity to insulin, insulin stimulation resulted in small changes in molecule clustering, molecule density, cluster density and the populations of molecules in clusters compared with normal cells. However, the changes in molecule density and cluster density in the insulin-resistant state compared with those in normal cells were inconsistent, and the shift of GLUT4 from small clusters into large clusters both under basal and insulin-stimulated conditions resulted in an increased mean number of GLUT4 molecules per cluster; this increase induced a more clustered distribution of GLUT4 on the plasma membrane in the insulin-resistant state. Hence, in addition to altering the translocation of GLUT4 to the plasma membrane, insulin resistance affected the spatial distribution of GLUT4, promoting clustering on the plasma membrane.
When the F 5 QQI motif was mutated, the proportions F 5 QQA-GLUT4 that were clustered or dispersed on the plasma membrane were similar to those for wild-type GLUT4; however, the mutation resulted in a more clustered distribution, as also confirmed by Ripley's K function analysis. We consider that the compromised clathrin-mediated endocytosis caused by the F 5 QQI mutation increased the number of GLUT4 molecules on the plasma membrane. If so, the simple accumulation would induce the observed changes in the molecule density and the cluster density when compared with wide-type GLUT4; however, we found that the molecule density and the cluster density increased to different extents (1.6-fold and 1.35-fold). Furthermore, the majority of GLUT4 on the plasma membrane does not colocalize with clathrin, and clathrin is recruited to pre-existing GLUT4 clusters to mediate GLUT4 endocytosis (Lizunov et al., 2013; Stenkula et al., 2010) , which indicates that the GLUT4 clustering is less likely to be due to clathrin regulation. Thus, the accumulation of GLUT4 might not be the direct cause of the more-clustered distribution. As the protein concentration is high, protein-protein interactions can induce the formation of microdomains or clusters (Douglass and Vale, 2005; Lin and Shaw, 2005) . Hence, we speculate that the GLUT4 accumulation on the plasma membrane induced by the F 5 QQI motif mutation increased the GLUT4 concentration and then induced GLUT4 selfassembly or an interaction of GLUT4 with other clustering-associated factors. However, the exact modulation mechanism involved in this cluster regulation is still unknown and an interest for future study.
Lipid rafts play an important role in the insulin signaling pathway and GLUT4 endocytosis (Al-Hasani et al., 2002; Chiang et al., 2001; Ros-Baro et al., 2001) . Several studies have examined the association between GLUT4 clusters and lipid rafts. Some studies have suggested that GLUT4 transiently associates with lipid rafts Saltiel and Pessin, 2003) but that depletion of cholesterol does not disrupt GLUT4 clusters on the surface of adipocytes (Lizunov et al., 2013) . Based on the published literature, we speculate that the MβCD treatment used in those studies was too gentle to disrupt the lipid rafts or that the destruction of lipid rafts affects the exocytosis and endocytosis of GLUT4, and that GLUT4 clusters associated with clathrin could persist after MβCD treatment. Furthermore, the data analysis used in those studies could also be a primary reason for the contrasting findings because the TIRFM that they used might not have been sensitive enough to detect small changes in cluster density. Thus, in our study, 3T3-L1 adipocytes that stably expressed F 5 QQA-GLUT4 were treated with 10 mM MβCD (to disrupt lipid rafts) only in the basal state. Removal of the complicated effects of lipid rafts in the insulin-stimulated state, along with Ripley's K function and further quantitative analysis using the GDSC plugin in ImageJ, indicated that destruction of lipid rafts dispersed F 5 QQA-GLUT4 on the plasma membrane, indicating the role of lipid rafts in GLUT4 cluster maintenance.
In summary, we used dSTORM to investigate the distribution of plasma membrane GLUT4 and the morphological properties of GLUT4 clusters in 3T3-L1 adipocytes, and also to reveal the effects of insulin and insulin resistance on GLUT4 spatial organization by performing Ripley's K function and quantitative cluster analysis. Our data revealed detailed information regarding GLUT4 distribution, including the densities of protein molecules and clusters, the mean number of molecules per cluster and the distribution of GLUT4 clusters containing different numbers of proteins. Our results suggest that insulin stimulation increased the number but decreased the size of GLUT4 clusters on the plasma membrane. However, the opposite effects were observed in the insulin-resistant state. In addition, we identified that mutation of the F 5 QQI motif caused increased GLUT4 clustering on the plasma membrane and that lipid raft destruction in adipocytes that expressed F 5 QQA-GLUT4 induced a more dispersed distribution of the mutant protein. Hence, the clustering of GLUT4 in the membrane is influenced by the intrinsic properties of GLUT4 itself and membrane subdomains. Thus, our findings provide important insights into GLUT4 clustering and the pathogenesis of insulin resistance. Further studies are needed to determine whether the spatial organization of plasma membrane GLUT4 that occurs under insulin resistance is also found in clinical cases.
MATERIALS AND METHODS
Antibodies and reagents
The HA.11 anti-HA epitope mouse mAb was purchased from Covance. Rabbit anti-Akt (#9272, detecting all isoforms; 1:1000), rabbit anti-phosphorylatedAkt (at Ser473, #9271; recognizes corresponding phosphorylations of Akt1, Akt2 and Akt3; 1:1000), rabbit anti-phosphorylated-Akt (at Thr308, #9275, recognizes corresponding phosphorylations of Akt1, Akt2 and Akt3; 1:1000) and rabbit anti-phosphorylated-AS160 (at Thr642; #4288, 1:1000) antibodies were purchased from Cell Signaling Technology. The rabbit anti-AS160 antibody (#07-741, 1:1000) was purchased from Millipore, and mouse anti-β-actin antibodies were purchased from Santa Cruz Biotechnology. Alexa-Fluor-647 and puromycin were purchased from Invitrogen. Dulbecco's modified Eagle's medium (DMEM) was purchased from Hyclone (Thermo Scientific). Penicillin-streptomycin, calf serum and fetal bovine serum (FBS) were purchased from Biological Industries (Israel). Insulin was purchased from Roche (Basel, Switzerland). Dexamethasone was purchased from Adamas (Basel, Switzerland). 3-Isobutyl-1-methylxanthine, rosiglitazone, β-mercaptoethanol, glucose, glucose oxidase and catalase were all purchased from Sigma.
Cell culture, adipocyte differentiation and stable cell line construction 3T3-L1 fibroblasts (American Type Culture Collection) were cultured in high-glucose (4.5 g/l) DMEM supplemented with 10% calf serum and penicillin-streptomycin. 3T3-L1 fibroblasts were induced differentiate into mature adipocytes, as previously described (Zeigerer et al., 2002) . The plasmids for stable cell line construction were prepared based on wild-type HA-GLUT4-GFP and the F 5 QQI mutant, as described previously McGraw, 2006, 2008; Lampson et al., 2001) ; sequences were inserted into pBABEpuro using BamHΙ and EcoRΙ sites. AmphoPack packaging cells were transfected with the plasmids, and culture medium from the packaging cells, harvested between 24 and 48 h post-transfection, was used to infect 3T3-L1 cells. 3T3-L1 cells that stably expressed wild-type HA-GLUT4-GFP or the F 5 QQI mutant were selected in medium with 8 µg/ml puromycin. The surviving cells were cultured to induce differentiation as normal.
Sample preparation
In all experiments, the HA-epitope tag, representing GLUT4 (or GLUT4 mutant) on the plasma membrane was immunofluorescently labeled by an Alexa-Fluor-647-conjugated HA1.1 antibody without permeabilization. HA.11 anti-HA-epitope mouse mAbs were labeled with Alexa-Fluor-647 at an appropriate concentration. The mixture containing 40 μl anti-HA mAbs (1 mg/ml) and 0.12 μl Alexa-Fluor-647 (10 mg/ml, dissolved in DMSO) was kept on a rocking platform at room temperature for 2-2.5 h in the dark. The product of the reaction was filtered through an equilibrated Nap-5 gel column (GE Healthcare) by running two column volumes of PBS, and the eluent was collected in tubes (three drops/tube). The labeling ratios of the collected samples were calculated based on the absorbance at 280 nm (antibody) and 650 nm (maximum absorbance of Alexa-Fluor-647). Samples with a labeling ratio of 0.5-1 Alexa-Fluor-647 molecules per antibody were pooled together and used for fluorescent staining.
Mature adipocytes that stably expressed wild-type HA-GLUT4-GFP or F 5 QQA-GLUT4 were digested and dropped onto pre-cleaned glass coverslips. In all experiments, adipocytes that had been incubated in serum-free DMEM for at least 2 h at 37°C under 5% CO 2 were further incubated with or without 100 nM insulin for 8 min (basal or insulinstimulated conditions). Cells were washed with ice-cold PBS and fixed in 3.7% formaldehyde for 8 min on ice. After incubation with 5% bovine serum albumin for 15 min, cells were stained using HA 1.1-antibodyAlexa-Fluor-647 in the dark for 30 min at 37°C without permeabilization. Finally, the sample was washed with PBS three times.
In order to remove insulin from the culture, after harvesting and stimulation with 100 nM insulin for 8 min, medium containing insulin was replaced with harvest medium, and cells were cultured for another 30 min. The cells were then fixed and stained as described before. For experiments with MβCD treatment, cells were harvested and treated with 10 mM MβCD for 15 min at 37°C before fixing and staining.
For dSTORM imaging, oxygen-scavenging PBS [containing 140 mM β-mercaptoethanol, 0.5 mg/ml glucose oxidase, 40 μg/ml catalase and 10% (m/v) glucose (Sigma)] was dropped onto the microscope slide, and the slides were sealed with coverslips.
Imaging dSTORM imaging was performed on a Nikon Ti-E microscope with a 100× oil-immersion a total internal reflection fluorescence objective (Nikon, Japan) with a numerical aperture of 1.49. All the dSTORM data were acquired under total internal reflection fluorescence illumination mode. During imaging, a 640-nm laser (100 mW) and an electron-multiplying charge-coupled device (EMCCD; Photometrics, Cascade II) were used. A total of 5000 raw images were acquired per cell with an exposure time of 40 ms for the reconstruction of super-resolution images. One single dSTORM image was acquired in less than 5 min. During this time, the z-drift was eliminated using a Nikon Perfect Focus System, and the x-y drift was reduced through the stabilization of the clips on the stage.
To measure single-molecule localization precision, an appropriate concentration of Alexa-Fluor-647-conjugated HA.11 (about 7 nM) was incubated on the slide or cell surface for 30 min and imaged (Fig. S2A,C) . The clusters of localization from repetitive localization of several single HA 1.1-Alexa-Fluor-647 molecules were aligned to generate a histogram, and the histogram was fitted by a Gaussian function to yield full-width at halfmaximum (FWHM) values of 31 nm on the slide and 27 nm on the cell surface, respectively (Fig. S2B,D) . These data indicated a precision of approximately 30 nm for our imaging system with the HA 1.1-Alexa Fluor 647 probe.
Data analysis
For overall evaluation of GLUT4 spatial clustering on the plasma membrane ( Figs 1D, 2D, 3D, 4D ), Ripley's K function was used to analyze the degree of spatial clustering of randomly selected 4×4-μm 2 regions (nine regions per individual cell) in reconstructed images (McEvoy et al., 2010; Owen et al., 2010; Ripley, 1979 ). Ripley's K function was calculated using MATLAB as Eqn 1.
where δ ij =1 if δ ij <r, otherwise 0; A is the area, n is the number of localizations, r is the spatial scale (radius) for the K function calculation and δ ij is the distance between points i and j. This essentially counts the number of other points encircled by concentric rings centered on each point. The K function was linear-transformed into H function according to Eqn 2.
For a random distribution of localizations, L(r)-r=0, for clustered particles, this value is positive. Edge-effects were negated by weighting edge points and cropping the image edges after the calculation. Values of L(r) generated for each point were used to produce a cluster map by interpolating a surface plot with L(r) as the z-axis (color scale). Then the cluster map was then thresholded to generate a binary map.
To analyze the molecules in clusters relative to the total molecules (represents the percentage of the molecules that contributed to forming clusters versus the total molecules on the plasma membrane; Figs 1H, 2H, 3H and 4E), we used a derived algorithm based on Ripley's K function (Owen et al., 2012b; Williamson et al., 2011) . The value of L(r) for each molecule can be calculated at a spatial scale, which is the actual radius of the clusters. Here, the spatial scale was set as 75 nm according to the distance threshold between two different molecules in every image, which was calculated by using 'the blink estimator' subset and was similar to the reported size of GLUT4 clusters (diameter, 90-170 nm) analyzed by performing fluorescence photoactivation localization microscopy (FPALM) in previous literature (Lizunov et al., 2013) . The L(r) for each molecule is calculated as:
where δ ij =1 if δ ij <75, otherwise 0;
and
Then the molecules with L(75)-75>0 were defined as the molecules in clusters and extracted to calculate the percentage of the molecules in clusters of the total molecules. Pair correlation photoactivated localization microscopy (PC-PALM), a function subset in the ImageJ plugin GDSC-SMLM, was used to calculate the features of GLUT4 clusters, including the 'molecule density' (represents the number of molecules per μm 2 ; Figs 1E, 2E, 3E, 4E), 'cluster density' (represents the number of clusters per μm 2 ; Figs 1F, 2F, 3F, 4E), 'mean number of molecules per cluster' (represents the averaged molecules per cluster from an entire cell; Figs 1G, 2G, 3G, 4E ) and the detailed distribution of GLUT4 clusters containing different numbers of molecules ( Figs 1I,J, 2I ,J, 3I,J, 4F-H). PC-PALM is used to analyze the auto-correlation of a set of localizations using pair correlation analysis and has been confirmed that it is adaptable to quantitative spatial analysis of dSTORM images (Puchner et al., 2013; Sengupta et al., 2013 Sengupta et al., , 2011 Veatch et al., 2012) . The detailed approaches are described as follows.
Step 1 The size of each pixel (160 nm/pixel), total gain (0.3 ADU/photon), exposure time (40 ms) and peak width (0.828 pixel) were used as inputs for the sample fitting process by GDSC-SMLM. For each frame, the location of each fluorescent label was identified and least-squares fitted to a Gaussian intensity peak, whose width was scaled according to the precision. Then, the blink rate and distance threshold of the fluorescent label were calculated and set as parameters in the following protein cluster analysis.
Step 2 PC-PALM was used to analyze the auto-correlation of a set of localizations using pair correlation analysis and has been confirmed that it is adaptable to quantitative spatial analysis of dSTORM images (Puchner et al., 2013; Sengupta et al., 2013 Sengupta et al., , 2011 Veatch et al., 2012) . We used the PC-PALM molecules subset and ran PC-PALM mode to filter fitting results from raw images to a set of coordinates with time and photo signal information (blinking rate of fluorophores). Then the localizations were drawn onto a binary image for the subsequent analysis. It is known that the blinking of the same fluorophore results in a single protein in a dSTORM image appearing as a cluster of peaks. For this analysis by using the PC-PALM molecules subset, peaks appearing in consecutive frames and within a radius covering 99% probability density of the two-dimensional Gaussian function for localization uncertainty were considered to be a single localization. Thus, the problem of over-counting can be circumvented by using the PC-PALM molecules subset and the blink-corrected image was produced for further analysis of clusters.
Step 3 The obtained corrected binary image was then analyzed by using the PC-PALM analysis subset to produce a g(r) correlation cure, which can be used to estimate the protein molecules that are randomly organized or not. If the molecules were organized non-randomly, we used the PC-PALM clusters subset and ran the pair-wise algorithm to calculate the features of the clusters containing the total number of molecules and clusters, as well as the 'mean number of molecules per cluster' and a histogram of cluster size. During this approach, the radius was defined according to the distance threshold of every image, which was calculated by using the 'the blink estimator' subset. The values of all the images obtained from different conditions ranged from 45 nm to 75 nm, which is similar to the reported size of GLUT4 clusters on the plasma membrane (diameter, 90-170 nm) analyzed by using FPALM in previous literature (Lizunov et al., 2013) .
Step 4 To analyze the distribution of GLUT4 clusters that contained different numbers of molecules, the proportions of proteins contributing to different classes of clusters were extracted from the calculation results and normalized to the corresponding proportion in the basal state. A ratio of greater than 1 indicated that the proportion of proteins in the given class of clusters was much higher than that in the basal state; conversely, a ratio of less than 1 indicated that the proportion of proteins in the corresponding cluster was lower than that in the basal state.
The data for quantitative analysis were acquired under the same conditions, and the samples were prepared using the same methods. Thus, the results from quantitative analysis in studies with super-resolution microscopy are indicative but reliable in comparative experiments and reflect the real changes in protein organization. Statistical analysis was performed using two-tailed paired Student's t-test.
